Abstract-
INTRODUCTION
Extensive usage of nonlinear loads such as static power converters, adjustable-speed drives and arc furnaces have increased the awareness among all power engineers about the adverse effects of harmonic currents. Common problems associated with high harmonic currents are additional power losses, overheating and overloading of transformers and motors, high voltage distortion (during resonance) and interference with nearby communication lines [1] . Fortunately, harmonic currents can be mitigated using passive filters and Shunt Active Power Filters (SAPFs). However, in terms of compensating multiple harmonic currents simultaneously, SAPFs are more appropriate to be used than passive filters.
Various techniques to generate the SAPFs' reference current have been introduced; as examples, direct harmonic extraction using low pass filter [2] , α-β transformation [3] , d-q transformation [4] , estimation of reference current based DClink voltage regulation algorithm [5] and Adaptive Linear Neuron (ADALINE) based fundamental component extraction algorithm [6, 7] . Among all the aforementioned techniques, the ADALINE shows more interesting characteristics such as no requirement to establish specific input-output relationship [8] , simple structure (using two coefficients only) and fast estimation of online weight updating approach. Nevertheless, although the ADALINE has shown many fascinating features, this technique has yet to be fully utilized in the operation of SAPFs; it is only used in generating a reference current. However, there is an opportunity to use the ADALINE for synchronizing the generated reference current with respect to the phase and the frequency of supply voltage. Therefore, other synchronizing algorithm like Phase-Locked Loop (PLL) and Zero-Crossing Detector (ZCD) that were utilized in [6, 9] can be neglected.
Apart from the generated reference current, SAPFs with Voltage Source Inverter (VSI) topologies require an additional reference signal which is known as reference charging current; for restoring the energy loss of DC-link capacitors; to maintain constant values of DC-link voltages. Frequently, the reference charging current is estimated using a DC-link voltage control algorithm; the control signal of voltage controller is assumed as the amplitude of the reference charging current. Nowadays, Fuzzy controllers have widely been implemented in the DClink voltage control algorithm since they do not need accurate mathematical models and inputs, good in handling nonlinearity and robust to any disturbances [10] [11] [12] . According to previous works, all the implemented Fuzzy controllers for DC-link voltage control algorithm are designed as multiple-input single-978-1-4799-7993-6/15/$31.00 ©2015 IEEE output controllers; increasing computational burden, memory requirement and controller complexity [13] . Besides, the steady-state error of DC-link voltages cannot totally be eliminated since the Fuzzy controllers are designed based on Proportional-Derivative (PD) control action [14] .
In this work, two soft-computing techniques for extracting and synchronizing a reference current, and regulating DC-link voltage of a three-phase three-wire SAPF with VSI topology are introduced. First, a unified ADALINEs based fundamental component extraction algorithm with dual roles is presented. The proposed extraction algorithm is designed to work as reference current generator and synchronizer, and hence, excluding the use of PLL or ZCD. Second, a Hybrid FuzzyProportional Controller Plus Crisp-Integral Controller (HFP+I) for a self-charging DC-link voltage control algorithm is demonstrated; the voltage control algorithm is named as a HFP+I self-charging DC-link voltage control algorithm. The proposed HFP+I controller is constructed using a single-input single-output Fuzzy-Proportional (P) controller and a conventional Integral (I) controller or also known as a Crisp-I controller; the simple structure of the Fuzzy-P controller can reduce the computational burden, memory requirement and controller complexity, while the Crisp-I controller eliminates the steady-state error. The proposed controller is utilized for error minimization and, its control signal is employed in calculating the reference charging current (using a selfcharging algorithm). In this work, the operational validation of both proposed soft-computing techniques based triple functionalities (reference current generation, synchronization and DC-link voltage regulation) is conducted in simulation and experimental works. This paper is organized in seven sections. Section II explains the implemented control strategies for SAPF, Section III discusses the unified ADALINEs based fundamental component extraction algorithm, Section IV discourses the HFP+I self-charging voltage control algorithm, Section V and VI deliberate the simulation and experimental results and Section VII concludes the performance and contributions of the research work. Fig. 1 shows the connection of the three-phase three-wire SAPF and the electrical power system, and the proposed control strategy for the SAPF. The control scheme is carefully designed to perform these following operations:
II. CONTROL STRATEGIES FOR SAPF

1) Converting: the measured instantaneous supply voltage
, supply current and load current , and the DClink voltage into digital signals by means of Analogue-toDigital Converter (ADC).
2) Generating and synchronizing: the SAPF's reference signal with respect to the phase and the frequency of ; using the proposed unified ADALINEs based fundamental component extraction algorithm. The symbol of represents the number of samples.
3) Regulating: the value using the proposed HFP+I self-charging DC-link voltage control algorithm.
In this work, an indirect current control algorithm [15] is employed for controlling the compensation current of the SAPF. Then, switching signals for the SAPF operation are generated using carrier-based Pulse-Width Modulation (PWM) technique [16] .
III. UNIFIED ADALINES BASED FUNDAMENTAL COMPONENT EXTRACTION ALGORITHM
The unified ADALINEs based fundamental component extraction algorithm is constructed using two ADALINEs; the first ADALINE is used for extracting the fundamental component of and the second ADALINE for extracting the fundamental component of . The proposed extraction algorithm is developed based on the Fourier series approach and, its block diagram is depicted in Fig. 2 (a) .
In discrete time-domain, each sample or of or can be represented as
and
where represents or , is the harmonic component, The proposed extraction algorithm implements the modified online Widrow-Hoff (W-H) weight updating approach for fast iteration speed and estimation process; updating two weights only [6] [7] [8] ; the acts as the generated reference current of the SAPF.
In contrast to the mehod of extracting the final generated current ( sin ∆ ) of the old version ADALINE (refer Fig. 2 (b) ), the generated reference current of the proposed extraction algorithm are calculated using (2) and therefore, improving the quality of the generated reference current. Furthermore, the role of the synchronizing algorithm has been replaced by the ADALINE based fundamental voltage extraction and hence, the proposed extraction algorithm (by unifying both ADALINEs) can be utilized as a reference current generator and also synchronizer. In this work, a threephase sinusoidal function sin ∆ can only be produced by assuming that the SAPF operates in a balance three-phase power system with a fixed operating frequency.
The sign of represents the phase angle of 0°, −120° and −240°.
IV. HFP+I SELF-CHARGING DC-LINK VOLTAGE CONTROL ALGORITHM
Block diagram of the HFP+I self-charging DC-link voltage control algorithm is presented in Fig. 3 (a) Fig. 4 ; NB, NM, NS, ZE, PS, PM and PB are referred as negative big, negative medium, negative small, zero, positive small, positive medium and positive big respectively.
2) Establishment of Fuzzy rules: based on the relationship between ,
_ and the instantaneous charging current . The rules are developed based on these following relationships:
a) If is a positive value: The measured is lower than the specified _ . Then, the measured is increased by increasing the . Hence, the control signal is positive.
b) If is a negative value:
The measured is higher than the specified _ . Then, the measured is reduced by reducing the . Hence, the is negative. 3) Implication: using Mamdani 'min' inference engine. 4) Defuzzification: using the centroid technique. All fuzzy rules are tabulated in Table I (grey area) . Eventually, the resulting control signal of the proposed HFP+I controller is utilized in (6); for calculating the amplitude of reference charging current.
where is the amplitude of .
Differences between the proposed HFP+I controller and the Fuzzy-PD controller for the self-charging DC-link voltage control algorithm are shown in Fig. 3 and Table I . Unlike the Fuzzy-PD controller that evaluates two input variables (the error and the change or error ) simultaneously, the Fuzzy-P controller only assesses one input variable. Thus, the structure of the Fuzzy-P controller becomes simpler than the Fuzzy-PD controller. Furthermore, by simplifying its structure, the Fuzzy-P controller is able to execute less fuzzy rules than the Fuzzy-PD controller; it has 7 fuzzy rules while the Fuzzy-PD controller has 49 rules. Other than that, the Crisp-I controller is added for eliminating the steady-state error of .
In this work, the integral gain value of the Crisp-I controller is calculated using a PI tuning equation presented in [17] .
Block diagram of (a) unified ADALINEs and (b) old version ADALINE based fundamental component extraction algorithms (7) where is the capacitance value of DC-link capacitor and is the operating frequency of the power system.
V. SIMULATION RESULTS
The three-phase three-wire SAPF and the proposed softcomputing techniques based triple functionalities are simulated in MATLAB, Simulink. The SAPF is connected to a threephase 400V, 50Hz power system that supplying a capacitive nonlinear load; it comprises a three-phase diode rectifier with a parallel of 63Ω resistor and 470μF capacitor. The SAPF consists of a DC-link capacitor of 2200μF and a small filter inductor of 5mH. The reference value of is chosen as 1250V.
In order to fairly compare performances of the proposed unified ADALINEs based fundamental component extraction algorithm and the old version ADALINE based fundamental component extraction algorithm, therefore, the old version ADALINE is also be employed in extracting the of ; for generating sin ∆ function. Observations of learning rates and settling times to obtain a stable reference current and sinusoidal function are tabulated in Table II and  Table III . According to those tables, it can be seen that the proposed extraction algorithm is capable in generating lower THD values of reference current and sinusoidal function than the old version ADALINE; hence, proving that the proposed unified ADALINEs can improve the quality of the SAPF's reference current. The selected learning rate values for the proposed extraction algorithm are 0.0006 for and 0.004 for . Next, the SAPF with the unified ADALINEs based fundamental component extraction algorithm and HFP+I selfcharging DC-link voltage control algorithm is simulated. Then, it is followed by the simulation of the SAPF using the unified ADALINEs based fundamental component extraction algorithm and the Fuzzy-PD self-charging DC-link voltage control algorithm. All simulation results are shown in Fig. 5 . Based on the figure, all compensated have successfully corresponded to the phase and the frequency of and therefore, validating the effectiveness of the proposed extraction algorithm as a synchronizer. Moreover, the SAPF with both the proposed algorithms is able to reduce the THD value of below 5%; THD values of three-phase are 3.34%, 4.24% and 3.47%. In addition, these THD values are lower than using the SAPF with the unified ADALINEs based fundamental component extraction algorithm and the Fuzzy-PD self-charging DC-link voltage control algorithm; THD values using the respective algorithms are 4.05%, 4.85% and 4.14%. Therefore, it can be said that the THD values can also be affected by the voltage controllers. Other than that, it can be observed that the proposed HFP+I controller is capable in eliminating the steady-state error of (refer Fig. 5 (a) ); the SAPF with the Fuzzy-PD controller has higher steady-state error than using the proposed HFP+I controller (refer Fig. 5  (b) ). The unified ADALINEs based fundamental component extraction algorithm for dual roles, and HFP+I self-charging DC-link voltage control algorithm are successfully developed and implemented for SAPF operation. According to all presented results, it can be said that the proposed extraction algorithm is able to generate better quality of reference current corresponded to the phase and the frequency of supply voltage. Furthermore, the implementation of the proposed HFP+I controller (for low computational burden, memory requirement and complexity) in the self-charging DC-link voltage control algorithm has effectively regulated the SAPF's DC-link voltage with zero steady-state error and also, reducing the THD values of the compensated supply current.
